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IMPLANTABLE ACOUSTIC BIO-SENSING 
SYSTEMAND METHOD 

This is a continuation-in-part of U.S. patent application 
Ser. No. 09/161,658, filed Sep. 29, 1998, now U.S. Pat. No. 
6,237,398, issued May 29, 2001, which is a continuation 
in-part of U.S. patent application Ser. No. 09/000,553, filed 
Dec. 30, 1997, now U.S. Pat. No. 6,140,740, issued Oct. 31, 
2OOO. 

FIELD AND BACKGROUND OF THE 
INVENTION 

The present invention relates to a biosensing System and 
method for monitoring internal physiological conditions of 
a patient. More particularly, the present invention relates to 
a biosensor System implantable in a patient's body that 
includes at least one Sensor, an active acoustic transducer 
and a miniature processor. The Sensor is used to monitor a 
physiological condition of the patient and relay information 
pertaining to the physiological condition through the min 
iature processor to the active acoustic transducer. The active 
acoustic transducer transmits this information out of the 
patient's body as an acoustic Signal. Transmission of an 
acoustic Signal from the transducer is triggered by an 
externally generated acoustic interrogation and energizing 
Signal, which is produced by a Second acoustic transducer 
positioned externally, yet in intimate contact with, the 
patient's body. The miniature electronic processor is utilized 
for the various required functions Such as conditioning, 
digitization and amplification of the Sensor Signals. The 
biosensor of the present invention can also include a shunt 
and a monitoring device embedded in the walls of the Shunt 
for permitting identification and non-invasive testing of the 
operation of the shunt Via the acoustic transducer. 
Many medical conditions require the monitoring and 

measurement of internal physiological conditions of a 
patient. For example, hydrocephalus, which is a brain con 
dition where cerebroSpinal fluid accumulates at abnormally 
high preSSures in Ventricles or chambers of a patient's brain, 
may require monitoring of the intra-cranial fluid pressure of 
the patient. 

Implantable devices for monitoring internal physiological 
conditions of a patient are known in the art. One Such prior 
art device includes an implantable pressure Sensor that 
transmits pressure Signals out of the patient by mechanism 
of a wire or contact passing through the patient's skull (see, 
for example, U.S. Pat. No. 4,677.985). These types of 
devices are generally unsatisfactory due to increased risk of 
infection and patient discomfort caused by the externally 
extending wire. 

Monitoring devices that are completely implantable 
within a patient are also known in the art. One Such prior art 
devices is described in U.S. Pat. No. 4,471,786 and includes 
a Sensor for Sensing a physiological condition of the patient 
and a transmitter and battery assembly for transmitting the 
Sensor Signals out of the patient's body. These types of 
devices are also unsatisfactory for many types of medical 
conditions Since the batteries are bulky and must be peri 
odically replaced, thus necessitating additional Surgery. 

Implantable monitoring devices that do not require bat 
teries have also been developed. Such devices (see, for 
example, U.S. Pat. Nos. 3,943,915 and 4,593,703) employ 
Sensors coupled with frequency tuned Lumped-Constant 
(L-C) circuits. The Sensors mechanically translate changes 
in Sensed physiological condition to the inductor or capaci 
tor of the tuned L-C circuit for changing the reactance of the 
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2 
L-C circuit. This change in reactance alters the resonant 
frequency of the circuit, which is then detected by an 
external receiver and converted to a Signal representative of 
the monitored physiological condition. 

Although these L-C type implantable monitoring devices 
are Superior to battery operated devices in Some respects, 
they also suffer from several limitations that limit their 
utility. For example, the L-C circuits are difficult to calibrate 
once implanted, are inherently single-channel, and are only 
Sensitive in a particular range of measurements. Thus, L-C 
type monitoring devices are not always accurate after they 
have been implanted for a long period of time and are not 
Suitable for use with Sensors that have a wide Sensing range. 
In addition, no processing power is provided. 
Another implantable monitoring device that does not 

utilizes wire connection or a battery Supply makes use of 
large electromagnetic antennae to provide the energy 
required for the data processing inside the body. These 
antennas are big and risky to implant. Also, due to the high 
absorption of electromagnetic energy by human tissue, only 
Subcutaneous implants are used, and energy into the depth of 
the body is realized by wiring coupling. Only Small amounts 
of electromagnetic energy can be transmitted from an exter 
nal antenna directly to a monitoring device deep in the body. 
A general limitation of all of the above-described prior art 

implantable monitoring devices is that they are operable for 
Sensing or monitoring only one physiological condition. 
Thus, if a doctor wishes to monitor, e.g., both the preSSure 
and the temperature of the fluid in the ventricles of a 
patient's brain, two Such devices must be implanted. 

Furthermore, these prior art implantable devices merely 
monitor a physiological condition of the patient and transmit 
a signal representative of the condition out of the patient's 
body, but do not perform any processing or conversion of the 
Signals. 

In addition, due to inherent design limitations, these 
devices cannot be utilized for alleviating the underlying 
cause of the physiological condition monitored. For 
example, intra-cranial pressure Sensors designed for use 
with patients Suffering from hydrocephalus merely detect 
when fluid pressure levels within the patient's brain are high, 
but are not operable for reducing the amount of cerebroSpi 
nal fluid accumulated in the patient's brain. Thus, once these 
prior intra-cranial pressure Sensors determine that the pres 
Sure in the patient's brain is too high, Surgery must be 
performed to alleviate the condition. 
An improved implantable biosensor for monitoring and 

alleviating internal physiological condition Such as intrac 
ranial pressure has been described in U.S. Pat. No. 5,704, 
352 which discloses a biosensor system which includes at 
least one Sensor for monitoring a physiological condition of 
the patient and a passive radio frequency transducer that 
receives Sensor Signals from the Sensor or Sensors, digitizes 
the Sensor Signals, and transmits the digitized Signals out of 
the patient's body when Subjected to an externally generated 
electromagnetically interrogation and energizing Signal. The 
biosensor System described also includes a shunt, and as 
Such it can be used for alleviating intracranial preSSure 
monitored by the sensors of the biosensor. 
Although this biosensor System presents a major advance 

over the above mentioned prior art devices and Systems, it 
Suffers from limitations inherent to the radio frequency 
transducer utilized thereby. Since this transducer requires 
the use of an antenna to receive and transmit Signals, it 
posses limited reception and transmission capabilities due to 
the directional nature of Such antennas. In addition, due to 



US 6,432,050 B1 
3 

the high absorption of electromagnetic energy by human 
tissue, deeply embedded implants cannot be realized by this 
System and as a result, the intra body positioning of Such a 
biosensor is limited to regions close to the skin which are 
accessible to electromagnetic signals, thus greatly limiting 
the effectiveness of Such a System. 

There is thus a widely recognized need for, and it would 
be highly advantageous to have, a biosensor System for 
monitoring and alleviating internal physiological conditions, 
Such as intra-cranial preSSure, devoid of the above limita 
tions. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide 
a biosensor which can be used for non-invasive monitoring 
of body parameters. 

It is another object of the present invention to provide 
Such a biosensor which does not require wiring or an integral 
power Source. 

It is yet another object of the present invention to provide 
a biosensor which is leSS Sensitive to extracorporeal posi 
tional effect when energized as compared to prior art 
devices. 

It is still another object of the present invention to provide 
a biosensor which is effectively operable from any depth 
within the body. 

To realize and reduce down to practice these objectives, 
the biosensor according to the present invention takes 
advantage of the reliable conductivity of acoustic radiation 
within water bodies, Such as a human body and of an 
acoustic activatable piezoelectric transducer. According to 
one aspect of the present invention there is provided 

According to one aspect of the present invention there is 
provided an implantable biosensor System for monitoring 
and optionally alleviating a physiological condition in a 
patient, the biosensor System comprising (a) at least one 
Sensor for Sensing at least one parameter of a physiological 
condition and for generating electrical Sensor Signals repre 
Sentative of the physiological condition; and (b) a first 
acoustic activatable transducer being directly or indirectly 
coupled with the at least one Sensor, the first acoustic 
activatable transducer being for converting a received acous 
tic interrogation signal from outside the patient's body into 
an electrical power for energizing the processor, the first 
acoustic activatable transducer further being for converting 
the electrical Sensor Signals of the at least one Sensor into 
acoustic signals receivable out of the patient's body, Such 
that information pertaining to the at least one parameter of 
the physiological condition can be relayed outside the 
patient's body upon generation of an acoustic interrogation 
Signal. 

According to further features in preferred embodiments of 
the invention described below, the biosensor system further 
comprising a processor coupling between the at least one 
Sensor and the first acoustic activatable transducer, the 
processor being for converting the electrical Sensor Signals 
into converted electrical Signals representative of the physi 
ological condition, the processor being energized via the 
electrical power. 

According to another aspect of the present invention there 
is provided an implantable biosensor System for monitoring 
and alleviating a physiological condition in a patient, the 
biosensor System comprising (a) a shunt having a fluid 
passageway and being operable for draining fluid through 
the fluid passageway from a portion of a patient's body; (b) 
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4 
a monitoring and operating mechanism coupled with the 
shunt for non-invasively monitoring the physiological con 
dition and operating the shunt, the monitoring and operating 
mechanism including at least one Sensor for Sensing at least 
one parameter of the physiological condition and for gen 
erating electrical Sensor Signals representative of the physi 
ological condition; and (c) a first acoustic activatable trans 
ducer being directly or indirectly coupled with the at least 
one Sensor, the first acoustic activatable transducer being for 
converting a received acoustic interrogation Signal from 
outside the patient's body into an electrical power for 
energizing the at least one Sensor and for operating the Shunt 
upon command, the first acoustic activatable transducer 
further being for converting the electrical Sensor Signals into 
acoustic Signals receivable out of the patient's body, Such 
that information pertaining to the at least one parameter of 
the physiological condition can be relayed outside the 
patient's body upon generation of an acoustic interrogation 
Signal and the shunt is operable upon command. 

According to Still further features in the described pre 
ferred embodiments the monitoring and operating mecha 
nism further includes a processor coupled with the at least 
one Sensor, the processor Serves for converting the electrical 
Sensor Signals to converted electrical Signals representative 
of the physiological condition. 

According to Still further features in the described pre 
ferred embodiments the command is an acoustic operation 
Signal provided from outside the body. 

According to Still further features in the described pre 
ferred embodiments the shunt is a cerebrospinal fluid shunt 
for draining cerebroSpinal fluid from the patient's brain. 

According to Still further features in the described pre 
ferred embodiments the at least one sensor includes a first 
preSSure Sensor positioned within the fluid passageway for 
Sensing the pressure of the cerebroSpinal fluid in the 
patient's brain and for generating a first preSSure Signal 
representative of that pressure. 

According to Still further features in the described pre 
ferred embodiments the at least one pressure Sensor includes 
a Second pressure Sensor positioned at a distance from the 
first pressure Sensor and being for Sensing the pressure of the 
cerebrospinal fluid when flowing through the shunt and for 
generating a Second pressure Signal representative of that 
preSSure. 

According to Still further features in the described pre 
ferred embodiments the processor receives the first and 
Second pressure Signals from the first and Second preSSure 
Sensors and calculates the flow rate of cerebroSpinal fluid 
through the shunt. 

According to Still further features in the described pre 
ferred embodiments the first acoustic activatable transducer 
includes (i) a cell member having a cavity; (ii) a Substan 
tially flexible piezoelectric layer attached to the cell 
member, the piezoelectric layer having an external Surface 
and an internal Surface, the piezoelectric layer featuring Such 
dimensions So as to enable fluctuations thereof at its reso 
nance frequency upon impinging of the acoustic interroga 
tion signal; and (iii) a first electrode attached to the external 
Surface and a Second electrode attached to the internal 
Surface. 

According to Still further features in the described pre 
ferred embodiments the piezoelectric layer is of a material 
selected from the group consisting of PVDF and piezocer 
amic. 
According to Still further features in the described pre 

ferred embodiments the processor includes a conditioner and 
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a digitizer for converting the electrical Sensor Signal to the 
converted electrical Signal. 

According to Still further features in the described pre 
ferred embodiments the converted electrical Signal is a 
digital signal. 

According to Still further features in the described pre 
ferred embodiments the processor, the first acoustic activat 
able transducer and the at least one Sensor are co-integrated 
into a Single biosensor device. 

According to Still further features in the described pre 
ferred embodiments the biosensor System further compris 
ing (c) an extracorporeal Station positionable against the 
patient's body the extracorporeal Station including an inter 
rogation signal generator for generating the acoustic inter 
rogation signal, the interrogation Signal generator including 
at least one Second transducer for transmitting the interro 
gation Signal to the first acoustic activatable transducer and 
for receiving the receivable acoustic Signals from the first 
acoustic activatable transducer. 

According to Still further features in the described pre 
ferred embodiments the processor includes a memory device 
for Storing the electrical Sensor Signals and an analyzer for 
analyzing the electrical Sensor Signals. 

According to Still further features in the described pre 
ferred embodiments the processor includes a programmable 
microprocessor. 

According to Still further features in the described pre 
ferred embodiments the at least one Sensor is Selected from 
the group consisting of a pressure Sensor, a temperature 
Sensor, a pH Sensor, a blood Sugar Sensor, a blood oxygen 
Sensor, a motion Sensor, a flow Sensor, a Velocity Sensor, an 
acceleration Sensor, a force Sensor, a Strain Sensor, an 
acoustics Sensor, a moisture Sensor, an OSmolarity Sensor, a 
light Sensor, a turbidity Sensor, a radiation Sensor, an elec 
tromagnetic field Sensor, a chemical Sensor, an ionic Sensor, 
and an enzymatic Sensor. 

According to Still further features in the described pre 
ferred embodiments the first acoustic activatable transducer 
is capable of transmitting an identification code identifying 
the transducer. 

According to yet another aspect of the present invention 
there is provided a method for non-invasive monitoring of a 
physiological condition within a patient's body, the method 
comprising the Steps of (a) Sensing at least one parameter 
asSociated with the physiological condition via at least one 
sensor implanted within the patient’s body to thereby obtain 
information pertaining to the physiological condition as an 
electrical output; (b) converting the electrical output into an 
acoustic Signal via an acoustic transducer and thereby acous 
tically relaying the information to outside the patient's body; 
and (c) relaying an acoustic interrogation signal from out 
Side the patient's body for activating the at least one Sensor. 

According to Still another aspect of the present invention 
there is provided a method for non-invasive monitoring and 
alleviating of a physiological condition within a patient's 
body, the method comprising the steps of (a) Sensing at least 
one parameter associated with the physiological condition 
via at least one Sensor implanted within the patient's body to 
thereby obtain information pertaining to the physiological 
condition as an electrical output; (b) converting the electrical 
output into an acoustic signal via an acoustic transducer and 
thereby acoustically relaying the information to outside the 
patient's body; and (c) relaying an acoustic interrogation 
Signal from outside the patient's body for activating the at 
least one Sensor and further for activating a shunt for 
alleviating the physiological condition. 
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6 
The present invention Successfully addresses the short 

comings of the presently known configurations by providing 
a biosensor which can be used for non-invasive monitoring 
of body parameters, which does not require wiring, which 
does not require an integral power Source, which can be 
effectively positioned at any location and depth within the 
body and which is much less Subject to interrogation posi 
tional effect as compared with prior art devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of example 
only, with reference to the accompanying drawings, 
wherein: 

FIG. 1a is a longitudinal croSS Section of a transducer 
element according to the present invention taken along lines 
A-A in FIGS. 2a-2e, 

FIG. 1b is a longitudinal croSS Section of a transducer 
element according to the present invention taken along lines 
B-B in FIGS. 2a-2e, 
FIG.2a is a croSS Section of a transducer element accord 

ing to the present invention taken along line C-C in FIG. 
1a, 
FIG.2b is a croSS Section of a transducer element accord 

ing to the present invention taken along line D-D in FIG. 
1a, 
FIG.2c is a croSS Section of a transducer element accord 

ing to the present invention taken along line E-E in FIG. 
1a, 

FIG. 2d is a croSS Section of a transducer element accord 
ing to the present invention taken along line F-F in FIG. 
1a, 
FIG.2e is a croSS Section of a transducer element accord 

ing to the present invention taken along line G-G in FIG. 
1a, 

FIG. 3 shows the distribution of charge density across a 
piezoelectric layer of a transducer element resulting from the 
application of a constant preSSure over the entire Surface of 
the layer; 

FIG. 4 shows the results of optimization performed for the 
power response of a transducer according to the present 
invention; 

FIG. 5 shows a preferred electrode shape for maximizing 
the power response of a transducer according to the present 
invention; 

FIG. 6 is a longitudinal section of another embodiment of 
a transducer element according to the present invention 
capable of functioning as a transmitter; 

FIGS. 7a-7fare schematic views of possible configura 
tions of transmitters according to the present invention 
including parallel and anti-parallel electrical connections for 
controllably changing the mechanical impedance of the 
piezoelectric layer; 

FIG. 8 is a longitudinal section of a transmitter element 
according to the present invention including an anti-parallel 
electrical connection; 

FIG. 9 is a longitudinal section of another embodiment of 
a transmitter element according to the present invention; 

FIG. 10 is a block diagram depicting the intrabody and 
extracorporeal components of the biosensor System accord 
ing to the present invention; 

FIG. 11 is a schematic depiction of components of the 
biosensor System according to one embodiment of the 
present invention; 

FIG. 12 is a longitudinal Section of a shunt System 
including an acoustic transducer and pressure Sensors 
according to another embodiment of the present invention; 
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FIG. 13 is a schematic depiction of the transducer and 
pressure sensors of FIG. 12 isolated from the shunt; and 

FIG. 14 is a block diagram of the extracorporeal station 
components according to the present invention implemented 
within a helmet. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention is of an intrabody bio-Sensing 
System and method which can be used for both monitoring 
and alleviating physiological conditions within a patient's 
body. Specifically, the biosensor system and method of the 
present invention incorporates an active acoustic transducer 
communicating with Sensors and optionally with a shunt 
implanted within the patient's body for monitoring and 
alleviating, for example, intra-cranial pressure of a patient 
Suffering from hydrocephalus. 

The principles and operation of an implantable biosensor 
System according to the present invention may be better 
understood with reference to the drawings and accompany 
ing descriptions. 

Before explaining at least one embodiment of the inven 
tion in detail, it is to be understood that the invention is not 
limited in its application to the details of construction and 
the arrangement of the components Set forth in the following 
description or illustrated in the drawings. The invention is 
capable of other embodiments or of being practiced or 
carried out in various ways. Also, it is to be understood that 
the phraseology and terminology employed herein is for the 
purpose of description and should not be regarded as lim 
iting. For purposes of better understanding the System and 
method according to the present invention, as illustrated in 
FIGS. 10-14 of the drawings, reference is first made to the 
construction and operation of a transducer as described in 
U.S. patent application Ser. No. 09/000,553. 

Referring now to the drawings, FIGS. 1a, 1b and 2a-2e 
illustrate a preferred embodiment of a transducer element 
according to the present invention which is referred to herein 
as transducer element 1. Transducer element 1 Serves for 
converting received acoustic Signals into electrical power 
and for converting electrical power to transmitted acoustic 
Signals. AS shown in the figures, the transducer element 1 
includes at least one cell member 3 including a cavity 4 
etched into a Substrate and covered by a Substantially 
flexible piezoelectric layer 2. Attached to piezoelectric layer 
2 are an upper electrode 8 and a lower electrode 6, the 
electrodes for connection to an electronic circuit. 

The Substrate is preferably made of an electrical conduct 
ing layer 11 disposed on an electrically insulating layer 12, 
such that cavity 4 is etched substantially through the thick 
neSS of electrically conducting layer 11. 

Electrically conducting layer 11 is preferably made of 
copper and insulating layer 12 is preferably made of a 
polymer Such as polyimide. Conventional copper-plated 
polymer laminate such as KAPTONTM sheets may be used 
for the production of transducer element 1. Commercially 
available laminates such as NOVACLADTM may be used. 
Alternatively, the Substrate may include a Silicon layer, or 
any other Suitable material. Alternatively, layer 11 is made of 
a non-conductive material Such as PYRALINTM. 

Preferably, cavity 4 is etched into the substrate by using 
conventional printed-circuit photolithography methods. 
Alternatively, cavity 4 may be etched into the substrate by 
using VLSI/micro-machining technology or any other Suit 
able technology. 

Piezoelectric layer 2 may be made of PVDF or a copoly 
mer thereof. Alternatively, piezoelectric layer 2 is made of a 
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8 
Substantially flexible piezoceramic. Preferably, piezoelectric 
layer 2 is a poled PVDF sheet having a thickness of about 
9-28 tum. Preferably, the thickness and radius of flexible 
layer 2, as well as the pressure within cavity 4, are specifi 
cally Selected So as to provide a predetermined resonant 
frequency. When using the embodiment of FIGS. 1a and 1b, 
the radius of layer 2 is defined by the radius of cavity 4. 
By using a Substantially flexible piezoelectric layer 2, the 

invention described in U.S. patent application Ser. No. 
09/000,553 allows to provide a miniature transducer element 
whose resonant frequency is Such that the acoustic wave 
length is much larger than the extent of the transducer. This 
enables the transducer to be omnidirectional even at 
resonance, and further allows the use of relatively low 
frequency acoustic Signals which do not Suffer from Signifi 
cant attenuation in the Surrounding medium. 

Prior art designs of miniature transducers, however, rely 
on rigid piezoceramic usually operating in thickness mode. 
In Such cases the resonant frequency relates to the size of the 
element and Speed of Sound in the piezoceramic, and is 
higher by Several orders of magnitude. 
The invention described in U.S. patent application Ser. 

No. 09/000,553 provides a transducer which is 
omnidirectional, i.e., insensitive to the direction of the 
impinging acoustic rays, thereby Substantially simplifying 
the transducer's operation relative to other resonant devices. 
Such a transducer element is thus Suitable for application in 
confined or hidden locations, where the orientation of the 
transducer element cannot be ascertained in advance. 

According to a specific embodiment, cavity 4 features a 
circular or hexagonal shape with radius of about 200 um. 
Electrically conducting layer 11 preferably has a thickness 
of about 15 lum. Cell member 3 is preferably etched com 
pletely through the thickness of electrically conducting layer 
11. Electrically insulating layer 12 preferably features a 
thickness of about 50 lum. The precise dimensions of the 
various elements of a transducer element according to the 
invention described in U.S. patent application Ser. No. 
09/000,553 may be specifically tailored according to the 
requirements of the Specific application. 

Cavity 4 preferably includes a gas Such as air. The 
preSSure of gas within cavity 4 may be specifically Selected 
So as to predetermine the Sensitivity and ruggedness of the 
transducer as well as the resonant frequency of layer 2. 
As shown in FIG.2b, an insulating chamber 18 is etched 

into the Substrate, preferably through the thickness of con 
ducting layer 11, So as to insulate the transducer element 
from other portions of the Substrate which may include other 
electrical components Such as other transducer elements 
etched into the Substrate. According to a Specific 
embodiment, the width of insulating chamber 18 is about 
100 um. As shown, insulating chamber 18 is etched into the 
substrate so as to form a wall 10 of a predetermined 
thickness enclosing cavity 4, and a conducting line 17 
integrally made with wall 10 for connecting the transducer 
element to another electronic component preferably etched 
into the Same Substrate, or to an external electronic circuit. 
As shown in FIGS. 1a and 1b, attached to piezoelectric 

layer 2 are upper electrode 8 and lower electrode 6. AS 
shown in FIGS. 2c and 2e, upper electrode 8 and lower 
electrode 6 are preferably precisely shaped, So as to cover a 
predetermined area of piezoelectric layer 2. Electrodes 6 and 
8 may be deposited on the upper and lower Surfaces of 
piezoelectric membrane 2, respectively, by using various 
methods Such as vacuum deposition, masketching, painting, 
and the like. 
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As shown in FIG.1a, lower electrode 6 is preferably made 
as an integral part of a Substantially thin electrically con 
ducting layer 14 disposed on electrically conducting layer 
11. Preferably, electrically conducting layer 14 is made of a 
NickeLCopper alloy and is attached to electrically conduct 
ing layer 11 by mechanism of a Sealing connection 16. 
Sealing connection 16 may be made of indium. According to 
a preferred configuration, Sealing connection 16 may feature 
a thickness of about 10 tim, such that the overall height of 
wall 10 of cavity 4 is about 20-25 lum. 
As shown in FIG. 2c, electrically conducting layer 14 

covers the various portions of conducting layer 11, including 
wall 10 and conducting line 17. The portion of conducting 
layer 14 covering conducting line 17 is for connection to an 
electronic component, as further detailed hereinunder. 

According to a preferred embodiment, electrodes 6 and 8 
are Specifically shaped to include the most energy 
productive region of piezoelectric layer 2, So as to provide 
maximal response of the transducer while optimizing the 
electrode area, and therefore the cell capacitance, thereby 
maximizing a Selected parameter Such as Voltage Sensitivity, 
current Sensitivity, or power Sensitivity of the transducer 
element. 

The vertical displacement of piezoelectric layer 2, I, 
resulting from a monochromatic excitation at angular fre 
quency () is modeled using the Standard equation for thin 
plates: 

wherein Q is the Young's modulus representing the elasticity 
of layer 2; h the half-thickness of layer 2; v is the Poisson 
ratio for layer 2; Y is the effective wavenumber in the layer 
given by: Y'=3p(1-v)co/Qh, wherein p is the density of 
layer 2 and () is the angular frequency of the applied 
pressure (wherein the applied pressure may include the 
acoustic pressure, the Static pressure differential acroSS layer 
2 and any other pressure the transducer comes across); Z is 
the mechanical impedance resulting from the coupling of 
layer 2 to both external and internal media of cavity 4, 
wherein the internal medium is preferably air and the 
external medium is preferably fluid; P is the acoustic pres 
Sure applied to layer 2, and represents the average vertical 
displacement of layer 2. 
When chamber 4 is circular, the solution (given for a 

Single frequency component (o) representing the dynamic 
displacement of a circular layer 2 having a predetermined 
radius a, expressed in polar coordinates, is: 

(r, p) = 1(ya)lo (yr) - Jo (ya)] + 1 (ya)o (yr) - io (ya) P 
, (p)= 2hpCo. Lo (ya) + icoZL2(ya) 

Lo (2) = (3)(3) + Jo (2)(3), L2(3) = d2(a)(3) - 12(2)(3) 

Z= 
ico HA is + 3 + (opw (i. 

wherein (r,(p) is time-dependent and represents the dis 
placement of a Selected point located on circular layer 2, the 
Specific location of which is given by radius r and angle (p; 
J and I are the normal and modified Bessel functions of the 
first kind, respectively, PA, HA are the air pressure within 
cavity 4 and the height of chamber 4, respectively; and p. 
is the density of the fluid external to cavity 4. 

The first term of the impedance Z relates to the stiffness 
resulting from compression of air within cavity 4, and the 
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10 
second term of Z relates to the mass added by the fluid 
boundary layer. An additional term of the impedance Z. 
relating to the radiated acoustic energy is Substantially 
negligible in this example. 
The charge collected between electrodes 6 and 8 per unit 

area is obtained by evaluating the Strains in layer 2 resulting 
from the displacements, and multiplying by the pertinent 
off-diagonal elements of the piezoelectric Strain coefficient 
tensor, ea, e-2, as follows: 

or , )-(e() (es(); 
wherein Q(r,(p,t) represents the charge density at a selected 
point located on circular layer 2, the Specific location of 
which is given by radius r and angle (p; X is the Stretch 
direction of piezoelectric layer 2, y is the transverse direc 
tion (the direction perpendicular to the stretch direction) of 
layer 2, e, ea are off-diagonal elements of the piezoelec 
tric Strain coefficient tensor representing the charge accu 
mulated at a Selected point on layer 2 due to a given Strain 
along the X and y directions, respectively, which coefficients 
being Substantially dissimilar when using a PVDF layer. I 
is the displacement of layer 2, taken as the Sum of the 
displacement for a given acoustic pressure Pat frequency f, 
and the Static displacement resulting from the pressure 
differential between the interior and exterior of cavity 4, 
which displacements being extractable from the equations 
given above. 
The total charge accumulated between electrodes 6 and 8 

is obtained by integrating Q(r,(p,t) over the entire area S of 
the electrode: 

Q = or, p, t) dix 

The capacitance C of piezoelectric layer 2 is given by: 

C = 2, dy, 

wherein 6 is the dielectric constant of piezoelectric layer 2, 
and 2 h is the thickness of piezoelectric layer 2. 

Accordingly, the Voltage, current and power responses of 
piezoelectric layer 2 are evaluated as follows: 

eld 

elds 
W 

The DC components of Q are usually removed prior to the 
evaluation, Since the DC currents are usually filtered out. 
The values of Q given above represent peak values of the AC 
components of Q, and should be modified accordingly So as 
to obtain other required values such as RMS values. 

According to the above, the electrical output of the 
transducer expressed in terms of Voltage, current and power 
responses depend on the AC components of Q, and on the 
shape S of the electrodes. Further, as can be seen from the 
above equations, the Voltage response of the transducer may 
be Substantially maximized by minimizing the area of the 
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electrode. The current response, however, may be Substan 
tially maximized by maximizing the area of the electrode. 

FIG. 3 shows the distribution of charge density on a 
circular piezoelectric layer 2 obtained as a result of pressure 
(acoustic and hydrostatic) applied uniformly over the entire 
area of layer 2, wherein specific locations on layer 2 are 
herein defined by using Cartesian coordinates including the 
Stretch direction (X direction) and the transverse direction (y 
direction) of layer 2. It can be seen that distinct locations on 
layer 2 contribute differently to the charge density. The 
charge density vanishes at the external periphery 70 and at 
the center 72 of layer 2 due to minimal deformation of these 
portions. The charge density is maximal at two cores 74a 
and 74b located symmetrically on each side of center 72 due 
to maximal Strains (in the Stretch direction) of these portions. 
A preferred Strategy for optimizing the electrical 

responses of the transducer is to shape the electrode by 
Selecting the areas contributing at least a Selected threshold 
percentage of the maximal charge density, wherein the 
threshold value is the parameter to be optimized. A threshold 
value of 0% relates to an electrode covering the entire area 
of layer 2. 

FIG. 4 shows the results of an optimization performed for 
the power response of a transducer having a layer 2 of a 
predetermined area. AS shown in the Figure, the threshold 
value which provides an optimal power response is about 
30% (graph b). Accordingly, an electrode which covers only 
the portions of layer 2 contributing at least 30% of the 
maximal charge density yields a maximal power response. 
The pertinent Voltage response obtained by Such an elec 
trode is higher by a factor of 2 relative to an electrode 
completely covering layer 2 (graph a). The current response 
obtained by Such electrode is slightly lower relative to an 
electrode completely covering layer 2 (graph c). Further as 
shown in the Figure, the deflection of layer 2 is maximal 
when applying an acoustic Signal at the resonant frequency 
of layer 2 (graph d). 
A preferred electrode shape for maximizing the power 

response of the transducer is shown in FIG. 5, wherein the 
electrode includes two electrode portions 80a and 80b 
Substantially covering the maximal charge density portions 
of layer 2, the electrode portions being interconnected by 
mechanism of a connecting member 82 having a minimal 
area. Preferably, portions 80a and 80b cover the portions of 
layer 2 which yield at least a selected threshold (e.g. 30%) 
of the maximal charge density. 

According to the present invention any other parameter 
may be optimized So as to determine the shape of electrodes 
6 and 8. According to further features of the invention 
described in U.S. patent application Ser. No. 09/000,553, 
only one electrode (upper electrode 8 or lower electrode 6) 
may be shaped So as to provide maximal electrical response 
of the transducer, with the other electrode covering the entire 
area of layer 2. Since the charge is collected only at the 
portions of layer 2 received between upper electrode 8 and 
lower electrode 6, Such configuration is operatively equiva 
lent to a configuration including two shaped electrodes 
having identical shapes. 

Referring now to FIG. 6, according to another embodi 
ment chamber 4 of transducer element 1 may contain gas of 
Substantially low preSSure, thereby conferring a Substantially 
concave shape to piezoelectric membrane 2 at equilibrium. 
Such configuration enables to further increase the electrical 
response of the transducer by increasing the total charge 
obtained for a given displacement of layer 2. The total 
displacement in Such an embodiment is given by: 
I'=PI,+PIA-cos (ot, wherein P is the static pressure 
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differential between the exterior and the interior of cavity 4; 
I, is the displacement resulting from Po, P is the ampli 
tude of the acoustic pressure; and A is the displacement 
resulting from P. 

Accordingly, the Strain along the X direction includes 
three terms as follows: 

wherein the DC component is usually filtered out. 
Thus, by decreasing the pressure of the medium 

(preferably air) within cavity 4 relative to the pressure of the 
external medium (preferably fluid), the value of P is 
increased, thereby increasing the value of the third term of 
the above equation. 

Such embodiment makes it possible to increase the charge 
output of layer 2 for a given displacement, thereby increas 
ing the Voltage, current and power responses of the trans 
ducer without having to increase the acoustic pressure P. 
Furthermore, Such embodiment enables to further miniatur 
ize the transducer Since the same electrical response may be 
obtained for Smaller acoustic deflections. Such embodiment 
is Substantially more robust mechanically and therefore 
more durable than the embodiment shown in FIGS. 1a and 
1b. Such further miniaturization of the transducer enables to 
use higher resonance frequencies relative to the embodiment 
shown in FIGS. 1a and 1b. 

Preferably, a transducer element 1 according to the inven 
tion described in U.S. patent application Ser. No. 09/000,553 
is fabricated by using technologies which are in wide use in 
the microelectronics industry, So as to allow integration 
thereof with other conventional electronic components as 
further detailed hereinunder. When the transducer element 
includes a Substrate Such as Copper-polymer laminate or 
Silicon, a variety of conventional electronic components 
may be fabricated onto the same Substrate. 

According to a preferred embodiment, a plurality of 
cavities 4 may be etched into a single Substrate 12 and 
covered by a single piezoelectric layer 2, So as to provide a 
transducer element including a matrix of transducing cell 
memberS3, thereby providing a larger energy collecting area 
of predetermined dimensions, while Still retaining the 
advantage of miniature individual transducing cell members 
3. When using Such configuration, the transducing cell 
members 3 may be electrically interconnected in parallel or 
Serial connections, or combinations thereof, So as to tailor 
the Voltage and current response of the transducer. Parallel 
connections are preferably used So as to increase the current 
output while Serial connections are preferably used So as to 
increase the Voltage output of the transducer. 

Furthermore, piezoelectric layer 2 may be completely 
depolarized and then repolarized at Specific regions thereof, 
So as to provide a predetermined polarity to each of the 
transducing cell members 3. Such configuration enables to 
reduce the complexity of interconnections between cell 
members 3. 
A transducer element according to the invention described 

in U.S. patent application Ser. No. 09/000,553 may be 
further used as a transmitter for transmitting information to 
a remote receiver by modulating the reflection of an external 
impinging acoustic wave arrived from a remote transmitter. 

Referring to FIG. 6, the transducer element shown may 
function as a transmitter element due to the asymmetric 
fluctuations of piezoelectric layer 2 with respect to positive 
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and negative transient acoustic pressures obtained as a result 
of the pressure differential between the interior and exterior 
of cavity 4. 
A transmitter element according to the present invention 

preferably modulates the reflection of an external impinging 
acoustic wave by mechanism of a Switching element con 
nected thereto. The Switching element encodes the informa 
tion that is to be transmitted, Such as the output of a Sensor, 
thereby frequency modulating a reflected acoustic wave. 

Such configuration requires very little expenditure of 
energy from the transmitting module itself, Since the acous 
tic wave that is received is externally generated, Such that 
the only energy required for transmission is the energy of 
modulation. 

Specifically, the reflected acoustic Signal is modulated by 
Switching the Switching element according to the frequency 
of a message electric Signal arriving from another electronic 
component Such as a Sensor, So as to controllably change the 
mechanical impedance of layer 2 according to the frequency 
of the message Signal. 

Preferably, a specific array of electrodes connected to a 
Single cell member or alternatively to a plurality of cell 
members are used, So as to control the mechanical imped 
ance of layer 2. 

FIGS. 7a-7g illustrate possible configurations for con 
trollably change the impedance of layer 2 of a transmitter 
element. Referring to FIG. 7a, a transmitter element accord 
ing to the invention described in U.S. patent application Ser. 
No. 09/000,553 may include a first and second pairs of 
electrodes, the first pair including an upper electrode 40a 
and a lower electrode 38a, and the Second pair including an 
upper electrode 40b and a lower electrode 38b. Electrodes 
38a, 38b, 40a and 40b are electrically connected to an 
electrical circuit by mechanism of conducting lines 36a, 
36b, 34a and 34b, respectively, the electrical circuit includ 
ing a Switching element (not shown), So as to alternately 
change the electrical connections of conducting lines 36a, 
36b, 34a and 34b. 

Preferably, the Switching element Switches between a 
parallel connection and an anti-parallel connection of the 
electrodes. A parallel connection decreases the mechanical 
impedance of layer 2, wherein an anti-parallel connection 
increases the mechanical impedance of layer 2. An anti 
parallel connection may be obtained by interconnecting line 
34a to 36b and line 34b to 36a. A parallel connection may 
be obtained by connecting line 34a to 34b and line 36a to 
36b. Preferably, the Switching frequency equals the fre 
quency of a message signal arriving from an electrical 
component Such as a Sensor as further detailed hereinunder. 

According to another embodiment shown in FIG. 7b, 
upper electrode 4.0a is connected to lower electrode 38b by 
mechanism of a conducting line 28, and electrodes 38a and 
40b are connected to an electrical circuit by mechanism of 
conducting lines 27 and 29, respectively, wherein the elec 
trical circuit further includes a Switching element. Such 
configuration provides an anti-parallel connection of the 
electrodes, wherein the Switching element functions as an 
on/off Switch, thereby alternately increasing the mechanical 
impedance of layer 2. 

In order to reduce the complexity of the electrical 
connections, layer 2 may be depolarized and then repolar 
ized at specific regions thereof. As shown in FIG. 7c, the 
polarity of the portion of layer 2 received between electrodes 
40a and 38a is opposite to the polarity of the portion of layer 
2 received between electrodes 40b and 38b. An anti-parallel 
connection is thus achieved by interconnecting electrodes 
38a and 38b by mechanism of a conducting line 28, and 
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providing conducting lines 27 and 29 connected to elec 
trodes 4.0a and 40b, respectively, the conducting lines for 
connection to an electrical circuit including a Switching 
element. 

According to another embodiment, the transmitting ele 
ment includes a plurality of transducing cell members, Such 
that the mechanical impedance of layer 2 controllably 
changed by appropriately interconnecting the cell members. 
As shown in FIG. 7d, a first transducing cell member 3a 

including a layer 2a and a cavity 4a, and a Second trans 
ducing cell member 3b including a layer 2b and a cavity 4b 
are preferably contained within the same Substrate; and 
layerS 2a and 2b are preferably integrally made. A first pair 
of electrodes including electrodes 6a and 8a is attached to 
layer 2, and a Second pair of electrode including electrodes 
6b and 8b is attached to layer 2b. Electrodes 6a, 8a, 6b and 
8b are electrically connected to an electrical circuit by 
mechanism of conducting lines 37a, 35a, 37b and 35b, 
respectively, the electrical circuit including a Switching 
element, So as to alternately Switch the electrical connections 
of conducting lines 37a, 35a, 37b and 35b, so as to alter 
nately provide parallel and anti-parallel connections, Sub 
stantially as described for FIG. 7a, thereby alternately 
decreasing and increasing the mechanical impedance of 
layerS 2a and 2b. 

FIG. 7e illustrates another embodiment, wherein the first 
and Second transducing cell members are interconnected by 
mechanism of an anti-parallel connection. AS shown in the 
Figure, the polarity of layer 2a is opposite to the polarity of 
layer 2b, So as to reduce the complexity of the electrical 
connections between cell members 3a and 3b. Thus, elec 
trode 6a is connected to electrode 6b by mechanism of a 
conducting line 21, and electrodes 8a and 8b are provided 
with conducting lines 20 and 22, respectively, for connection 
to an electrical circuit which includes a Switching element, 
wherein the Switching element preferably functions as an 
on/off Switch, So as to alternately increase the mechanical 
impedance of layerS 2a and 2b. 

FIG. 7fshows another embodiment, wherein the first and 
Second transducing cell members are interconnected by 
mechanism of a parallel connection. AS shown, electrodes 
6a and 6b are interconnected by mechanism of conducting 
line 24, electrodes 8a and 8b are interconnected by mecha 
nism of conducting line 23, and electrodes 6b and 8b are 
provided with conducting lines 26 and 25, respectively, the 
conducting lines for connection to an electrical circuit 
including a Switching element. The Switching element pref 
erably functions as an on/off Switch for alternately decreas 
ing and increasing the mechanical impedance of layerS 2a 
and 2b. 

FIG. 8 shows a possible configuration of two transducing 
cell members etched onto the same Substrate and intercon 
nected by mechanism of an anti-parallel connection. AS 
shown in the Figure, the transducing cell members are 
covered by a common piezoelectric layer 2, wherein the 
polarity of the portion of layer 2 received between electrodes 
6a and 8a is opposite to the polarity of the portion of layer 
2 received between electrodes 6b and 8b. Electrodes 8a and 
8b are bonded by mechanism of a conducting line 9, and 
electrodes 6a and 6b are provided with conducting lines 16 
for connection to an electrical circuit. 

Another embodiment of a transmitter element according 
to the present invention is shown in FIG. 9. The transmitter 
element includes a transducing cell member having a cavity 
4 covered by a first and second piezoelectric layers, 50a and 
50b, preferably having opposite polarities. Preferably, layers 
50a and 50b are interconnected by mechanism of an insu 
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lating layer 52. Attached to layer 50a are upper and lower 
electrodes 44a and 42a, and attached to layer 50b are upper 
and lower electrodes 44b and 42b. Electrodes 44a, 42a, 44b 
and 42b are provided with conducting lines 54, 55, 56 and 
57, respectively, for connection to an electrical circuit. 

It will be appreciated that the above descriptions are 
intended only to Serve as examples, and that many other 
embodiments are possible within the Spirit and the Scope of 
invention described in U.S. patent application Ser. No. 
09/000,553. 
AS is detailed hereinunder, in preferred embodiments, the 

present invention exploits the advantages of the acoustic 
transducer described hereinabove and in U.S. patent appli 
cation Ser. No. 09/000,553. 

Thus, according to the present invention there is provided 
an implantable biosensor System, which is referred to here 
inunder as biosensor 100. 

Biosensor 100 is implantable within a patient's body for 
monitoring a physiological condition therein. In the course 
of its operation, biosensor 100 relays, on command, infor 
mation in the form of acoustic Signals pertaining to a 
parameter or parameters associated with the physiological 
condition as these are Sensed by an implanted Sensor or 
sensors. Furthermore, biosensor 100 according to the present 
invention is designed to be energized via an external acous 
tic interrogation signal. 
As such, biosensor 100 is wire and/or integral power 

Source independent. In addition, Since the human body is, in 
effect, a water body and further Since acoustic radiation is 
readily propagatable, if So desired, within water bodies in all 
directions, biosensor 100 of the present invention provides 
advantages over the prior art in terms of effective implant 
able depth within the body and further in terms of interro 
gation signal positional effect. 
AS further detailed hereinunder, according to a preferred 

embodiment of the present invention biosensor system 100 
incorporates a shunt for alleviating a monitored physiologi 
cal condition. 
As shown in FIG. 10, and according to one embodiment 

of the present invention, when implanted in a monitoring or 
treatment intra body site, biosensor 100 of the present 
invention is employed for Sensing or monitoring one or more 
parameters of a physiological condition within the patient 
and for transmitting acoustic Signals representative of this 
physiological condition or these parameters out of the 
patient's body. 

According to this embodiment of the present invention, 
biosensor 100 includes one or more sensors 112 for sensing, 
monitoring or measuring one or more parameters of the 
physiological conditions of the patient. 

Biosensor 100 also includes an acoustic activatable trans 
ducer 114. Transducer 114 serves for receiving electrical 
Signals from Sensors 112 and for converting Such electrical 
Signals into acoustic Signals. Transducer 114 also Serves for 
receiving externally generated acoustic interrogation signals 
and for converting Such acoustic energy into electrical 
power which is used for energizing Sensors 112 and for 
rendering biosensor 100 wire and integral power Source 
independent. 
AS further shown in FIG. 10, transducer 114 includes a 

receiving assembly 117 and a transmitting assembly 118, 
preferably both are integrated into a single transceiver 
assembly. 

According to a preferred embodiment of the present 
invention receiving assembly 117 and transmitting assembly 
118 are assembled of transducer element 1, the construction 
of which is further detailed hereinabove with regards to 
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FIGS. 1a, 1b and 2a-2e. Alternatively, a plurality of trans 
ducer elements 1 can also be utilized in various configura 
tions (as shown in FIGS. 7b f, 8 and 9 hereinabove) in the 
receiving assembly 117 and transmitting assembly 118 of 
biosensor 100 of the present invention 

The components of transducer 114 can be formed from 
Separate transducer element 1 units, although the integration 
of one transducer element 1 into a transceiver is preferred, 
due to the high degree of miniaturization required in bio 
Sensing devices. 

According to a preferred embodiment of the present 
invention Signals received and/or transmitted by biosensor 
100 are processed by a processor 113. Electrical signals 
generated by Sensors 112 are processed through processor 
113 and are forwarded in their processed or converted form 
to transducer 114. In addition, acoustic Signals received by 
transducer 114 and which are converted to electrical signals 
(and power) thereby, are preferably further processed by 
processor 113. 
To this end, processor 113, preferably includes a condi 

tioner 116 and, when necessary, a digitizer 119 for proceSS 
ing the electrical Signals received thereby from Sensors 112 
and/or transducer 114. 
The acoustic interrogation Signal is generated by an 

extracorporeal Station 130 which includes an interrogator 
115 and which is also illustrated in FIG. 10, the operation 
and construction of which is described in further detail 
below. 

Sensors 112 are operable for monitoring or detecting one 
or more physiological conditions within the patient's body, 
Such as the preSSure and/or the temperature of the cere 
brospinal fluid in the cavities or ventricles of the patients 
brain. Sensors 112 then generate Sensor Signals representa 
tive of these measured physiological parameters. The Sensor 
Signals are typically electrical analog signals but may also be 
digital, depending on the type of Sensor employed. It will be 
appreciated that Sensors having a built-in analog-to-digital 
converter are well known in the art. 

Sensors 112 are preferably conventional in construction 
and may include, for example, pressure Sensors, temperature 
Sensors, pH Sensors, blood Sugar Sensors, blood oxygen 
Sensors, or any other type of physiological Sensing, moni 
toring or measuring devices responsive to, for example, 
motion, flow, Velocity, acceleration, force, Strain, acoustics, 
moisture, osmolarity, light, turbidity, radiation, electromag 
netic fields, chemicals, ionic, or enzymatic quantities or 
changes, electrical and/or impedance. 

Examples of these and other Sensor devices useful in 
context of the present invention are described in detail in the 
AIP Handbook of Modern Sensors by Jacob Fraden, hereby 
incorporated by reference. 

In a preferred embodiment, Sensors 112 are pressure 
sensor transducers such as the PVDF sensors described in 
U.S. patent application Ser. No. 09/161,658, which is incor 
porated herein by reference, or the MPX2000 series pressure 
sensors distributed by Motorola. 
AS mentioned above according to a preferred embodiment 

of the present invention transducer 114 is electrically 
coupled to sensors 112 through processor 113. Processor 113 
conditions the Sensor Signals via conditioner 116, converts 
the Sensor Signals to a digital form (when so required) via 
digitizer 119, and provides the processed or converted Signal 
to transducer 114. Upon a command, transducer 114 con 
verts the processed electrical Signals into corresponding 
acoustic Signals which are concomitantly transmitted out of 
the patient's body, when Subjected to an acoustic interroga 
tion signal from station 130. 
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In more detail, processor 113 is electrically connected to 
Sensors 112 and both share a common miniature Substrate 
such as is customary in the VLSI (Very Large Scale 
Integration) industry. Processor 113 directly receives sen 
Sors 112 Signals by, e.g., the shortest possible wiring. 

Processor 113 serves several functions. As already 
mentioned, processor 113 conditions via conditioner 116 the 
Signals received from Sensors 112. Such conditioning is 
necessary due to the miniature size and Small capacitance of 
Sensors 112, and as Such, conditioner 116 provides not only 
appropriate amplification and filtering, but also impedance 
reduction, So as to Substantially reduce noise pickup and 
thereby improve the signal-to-noise ratio of biosensor 100. 

In addition, digitizer 119 is employed in processor 113 to 
convert the analog signals to digital Signals and format the 
digitized signals as a binary data Stream for transmission out 
of the patient by transducer 114 acoustic Signals, which are 
received and interpreted by extracorporeal station 130. 

Processor 113 is also operable for coding and formatting 
a unique device identification number for transmission with 
the Sensors Signals for use in identifying a specific trans 
ducer 114 and/or sensor 112. 

Preferably, processor 113 can be programmed to analyze 
the monitored Signals before transmitting the Signals out of 
the patient's body. To this end, processor 113 can be 
provided with a memory device and a programmable micro 
processor. Many more tasks which are applicable to biosen 
sor system 100 of the present invention can be provided by 
processor 113, Such as, for example, calculating a reading by 
correlating information derived from a plurality of Sensors 
112. 

For example, if biosensor 100 is provided with a pressure 
Sensor and a temperature Sensor for measuring both the 
preSSure and temperature of the cerebrospinal fluid in the 
patient's brain, processor 113 can then be programmed to 
adjust the pressure Signal transmitted out of the patient's 
body to compensate for higher or lower temperature read 
ings as Sensed by the temperature Sensor and Vice versa, 
thereby providing more accurate readings. 

It will, however, be appreciated by one ordinarily skilled 
in the art that Sole or additional/Supplementary processing 
can be effected by processors present in extracorporeal 
Station 130. 

Preferably, transmitting assembly 118 of transducer 114 
employs modulations or other methods in modifying the 
transmitted acoustic Signal, Such modulation methods are 
well known in the art and are described in detail in, for 
example, U.S. Pat. No. 5,619,997 which is incorporated 
herein by reference. 

Extracorporeal station 130 is located outside the patient's 
body and is designed for powering or energizing transducer 
114 of biosensor 100 which is implanted within the patient's 
body, and for receiving the Sensors acoustic Signals. 
As illustrated in FIGS. 10-11, according to one embodi 

ment of the present invention and as further detailed in the 
following sections, transducers 321 of station 130 are 
mounted within a helmet 310. Transducers 321 are coupled 
via wiring with a signal generator 126, a power amplifier 
128, a modulator 132, a demodulator 133, a signal condi 
tioner 134 and a recording and analyzing device 138. 

Signal generator 126 and power amplifier 128 provide 
energy to extracorporeal transducer 321 for generating 
acoustic Signals which propagate from the Surface into the 
patient's body and energize intrabody acoustic transducer 
114 when impinging thereon. Signal generator 126 and 
power amplifier 128 may be of any known type, including 
devices constructed in accordance with "Data Transmission 
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from an Implantable Biotelemeter by Load-Shift Keying 
Using Circuit Configuration Modulator” by Zhengnian 
Tang, Brian Smith, John H. Schild, and P. Hunter Peckham, 
IEEE Transactions on Biomedical Engineering, vol. 42, No. 
5, May, 1995, pp. 524-528, which is incorporated herein by 
reference. 
AS already mentioned, transducers 321 are preferably of 

a type functionally similar to transducer element 1, the 
construction of which is further described hereinabove in 
FIGS. 1a, 1b, 2a-2e, 7b f 8 and 9, each of which can serve 
as a transmitter, receiver or a transceiver, and are preferably 
constructed to comply with NCRP 113: Exposure criteria for 
medical diagnostic ultrasound 1992, parts I and II, provided 
that transducers 321 when Serve as a powering transmitter is 
capable of transmitting Sufficient energy in the form of an 
acoustic signal for energizing biosensor 100. Preferred 
transducers 321 include commercial piston type transducers. 

Transducers 321 are electrically connected to power 
amplifier 128 and acoustically communicable with trans 
ducer 114. Transducers 321 transform and deliver the energy 
generated by generator 126 and power amplifier 128 to 
transducer 114 via the body of the patient, which serves in 
this respect as a water body. 

Demodulator 133 is operatively coupled to transducers 
321 and is provided for extracting digital data received 
thereby from transducer 114. An example of a demodulator 
133 that can be used in interrogator 115 of extracorporeal 
station 130 is the MC1496 or MC1596 type demodulator 
distributed by Motorola. 

Signal conditioner 134 is connected to demodulator 133 
for converting the demodulated data to a format Suitable for 
recording or Storing in external devices. An example of a 
Signal conditioner 134 that can be used in Station 130 of the 
present invention is the ADM202 type conditioner distrib 
uted by Analog Devices. Signal conditioner 134 may be 
connected with conventional recording and/or analyzing 
devices Such as computers, printers, and displays for 
recording, presenting and/or further analyzing the Signals 
transmitted by biosensor 100. 

Thus, and according to this embodiment of the present 
invention, biosensor 100 described hereinabove is implanted 
in a patient for Sensing, monitoring or detecting one or more 
parameters associated with a physiological condition of the 
patient. When it is desired to collect information from the 
body of the patient, a control console 124 commands inter 
rogator 115 to trigger an energizing Signal output from Signal 
generator 126. The energizing Signal is then modulated with 
other commands originating from control console 124 that 
governs processor 113 of biosensor 100 and multiplexer 
demultiplexer 381. The modulated signal is amplified by 
power amplifier 128 and sent to transducer 321 to energize 
and render biosensor 100 operative via transducer 114 
thereof The energy thus provided through the body of the 
patient is also used to provide transducer 114 with energy to 
produce an acoustic signal related to the information thus 
collected by sensors 112. To this end, transducers 321 of 
Station 130 are placed in intimate physical contact with a 
portion of the patient’s body preferably in which biosensor 
100 is implanted. Station 130 generates an acoustic interro 
gation Signal via transducers 321 for powering biosensor 
100 and for retrieving via transducers 114 sensors 112 
Signals as an acoustic Signal generated by transducer 114. 
Interrogator 115 then demodulates sensors 112 signals and 
delivers the Signals to recording and analyzing device 138. 

It will be appreciated that in cases where each of Sensors 
112 provides information pertaining to a Specific parameter, 
Specific information from each of Sensors 112 can be 
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accessed by Station 130 by providing a unique identifying 
code for each Sensor with the acoustic interrogation Signal. 
Such a code would be interpreted by processor 113 to 
command the retrieval of information from any specific 
Sensor of Sensors 112. 

Referring now to FIGS. 11-13. According to another 
preferred embodiment of the present invention and as best 
illustrated in FIG. 12, biosensor 100 further includes a shunt 
202 for draining fluid from a portion of a patient's body, and 
a monitoring device 204 which is further detailed hereinbe 
low with respect to FIG. 13. According to a preferred 
embodiment, monitoring device 204 is embedded within the 
walls of shunt 202 for non-invasively monitoring the opera 
tion of shunt 202. 

In more detail, shunt 202 according to this embodiment of 
the present invention is a cerebroSpinal fluid Shunt and is 
used for draining cerebroSpinal fluid from a patient's brain, 
when so required. Cerebrospinal fluid shunt 202 is prefer 
ably formed of medical grade Synthetic resin material and 
presents opposed ventricular 206 and distal 208 ends con 
nected by a fluid passageway 205 which includes a valve 
105. When shunt 202 is implanted in a patient, ventricular 
end 206 is positioned in a ventricular cavity of the patient's 
brain and distal end 208 is positioned in an organ or body 
cavity remote from the Ventricular cavity So as to drain fluids 
from the patient's brain thereto. 
AS shown in FIG. 11, an appropriate site to drain the 

cerebrospinal fluid out of the brain may be the abdomen 
cavity. A further appropriate Site for drainage is immediately 
after valve 105, in order to make the shunt tubing as short 
as possible and largely simplify the implantation thereof in 
Surgery. Such drainage is effected via a tube 214 leading 
from shunt 202 to the patients abdominal cavity. Another 
appropriate Site for draining cerebroSpinal fluid out of the 
patient's brain may be the patient's skull, close to the Spine. 
In this case the drainage tube is much shorter, Simplifying 
the implantation Surgery and reducing the risk to the patient. 
In both case, valve 105 which forms a part of, and is 
operable by, biosensor 100 is preferably used for alleviating 
intracranial pressure via shunt 202. 
As best illustrated in FIG. 12, monitoring device 204 is 

preferably formed or embedded within the sidewall of shunt 
2O2. 

Referring to FIG. 13, monitoring device 204 preferably 
includes one or more pressure Sensors 212 and a transducer 
214 which is electrically coupled with sensors 212. Like 
Sensors 112, Sensors 212 can include, for example, tempera 
ture Sensors, pH Sensors, blood Sugar Sensors, blood oxygen 
Sensors, or any other type of physiological Sensing, moni 
toring or measuring device responsive to, for example, 
motion, flow, Velocity, acceleration, force, Strain, acoustics, 
moisture, OSmolarity, light, turbidity, radiation, electricity, 
electromagnetic fields, chemicals, ionic, or enzymatic quan 
tities or changes. 

According to a preferred embodiment of the present 
invention, Sensors 212 are provided for Sensing the pressure 
of the cerebrospinal fluid in shunt passageway 205 and are 
preferably Spaced a distance apart from one another for 
Sensing pressure at different points within passageway 205. 
Sensors 212 may be placed anywhere within shunt 202 and 
may include piezoelectric or piezo-resistive transducers, 
Silicon capacitive preSSure transducers, variable-resistance 
laminates of conductive ink, variable conductance elasto 
meric devices, Strain gauges or similar types of pressure 
Sensitive devices. 

Transducer 214 is also preferably formed or embedded 
within the sidewall of the shunt 202 and is coupled with 
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Sensors 212 for directly or indirectly (via a processor) 
receiving electrical pressure Signals therefrom. 

According to this embodiment of the present invention 
biosensor 100 which includes monitoring device 204 is 
implanted in a patient as illustrated generally in FIG. 11 for 
draining or removing cerebroSpinal fluid from the patient's 
brain for treating hydrocephalus. Monitoring device 204 
which is preferably formed within the sidewalls of shunt 202 
Senses or detects the preSSure of the cerebroSpinal fluid 
within shunt 202 and delivers pressure Signals to transducer 
214. Preferably such monitoring is performed by sensors 
212 periodically. Such periodic readings can be Stored and 
processed within a processor for later acceSS. 
When it is desired to collect information from sensors 

212, station 130 (or at least transducers 321 thereof) is 
placed adjacent a portion of the patient's body in which 
biosensor 100 is implanted. As described before, station 130 
generates an interrogation signal delivered through trans 
ducers 321 for concomitantly powering biosensor 100 and 
retrieving data therefrom via transducer 214 in a fashion 
similar to as described above with respect to transducer 114. 
Should the data collected indicate an abnormal intracranial 
pressure, valve 105 of shunt 202 is opened to drain cere 
brospinal fluid therethrough. To this end station 130 can be 
commanded to provide power for the opening of valve 105. 
This operation can be controlled either manually or by a 
preprogrammed processor. 

According to another preferred embodiment of the present 
invention and as shown in FIGS. 11 and 14 there is provided 
a transducing assembly 351 which forms a part of station 
130. In one configuration, as best seen in FIG. 11, assembly 
351 is incorporated into a helmet 310. Helmet 310 includes 
a plurality of transducers 321, each may serve as a 
transmitter, receiver or transceiver, positioned at Various 
locations So as to provide full transmittance/reception Spatial 
coverage of the brain Volume. 
As shown in FIG. 11, a cable bundle 350 physically 

connects assembly 351 to multiplexer/demultiplexer 381, 
which is computer controlled. Multiplexer/demultiplexer 
381 serves Several functions, including (i) providing a 
transmittance signal to transducers 321 from power ampli 
fier 128; (ii) conveying sensors 112 or 212 signals from the 
body to Signal conditioner 134; (iii) providing a computer 
controlled multiplexing for transducers 321 when used as 
transmitters; (iv) providing multiplexing for transducers 321 
when used as receivers; and/or (v) providing decoupling 
between the high power transmission signals from amplifier 
128 and the low amplitude signals received from transmit 
ting assembly 118 which is located within the body, into 
signal conditioner 134. It will be appreciated that 
multiplexer/demultiplexer 381 both isolates and routes the 
transmitted and received signals. 

According to a preferred embodiment of the present 
invention the operation of assembly 351 included within 
helmet 310 is effected following pre calibration of the 
required location of the transducers over the helmet by, 
preferably, applying a method which is based on a position 
ing model. 

Such a positioning model allows for an accurate place 
ment of the extracorporeal transducerS Such that acoustic 
insonifying of the brain Volume is provided at an approxi 
mately uniform level throughout. 

In addition, to achieve Such uniformity a three dimen 
Sional acoustic propagation model of the Skull and brain can 
also be applied. 
Employment of wide beam low frequency ultrasonic 

transducers may be advantageous in providing an economi 
cal coverage. 
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In addition, focusing the acoustic beams of the extracor 
poreal transducers on the intrabody transducer is also advan 
tageous because in Such cases narrow beam transducers of 
low frequency ultrasound can be efficiently utilized. 

Thus, for appropriately positioning Such extracorporeal 
transducers, either a positioning model or a converging 
(in-fire) spheroidal acoustic array model with Scattering can 
be used to provide the positional information required. With 
each of the transducers configuration envisaged above, a 
first run calibration Session is employed in which commu 
nication between the helmet (extracorporeal) transducers 
and the intrabody transducer is tested for maximal accuracy. 
The present invention is advantageous Over the existing 

art because it employs acoustic Signals which are more 
readily propagatable in water bodies, Such as the human 
body, as compared to radio frequency Signals. 

Although the invention has been described in conjunction 
with Specific embodiments thereof, it is evident that many 
alternatives, modifications and variations will be apparent to 
those skilled in the art. Accordingly, it is intended to 
embrace all Such alternatives, modifications and variations 
that fall within the Spirit and broad Scope of the appended 
claims. 
What is claimed is: 
1. An implantable biosensor System for monitoring a 

physiological condition in a patient, the biosensor System 
comprising: 

(a) at least one sensor for sensing at least one parameter 
of a physiological condition and for generating an 
electrical Sensor Signal representative of the physi 
ological condition; and 
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(b) at least one first acoustic activatable transducer being 

directly or indirectly coupled with Said at least one 
Sensor, Said at least one first acoustic activatable trans 
ducer being for converting a received acoustic interro 
gation signal from outside the patient's body into an 
electrical power for energizing Said at least one Sensor, 
Said at least one first acoustic activatable transducer 
further being for converting Said electrical Sensor Signal 
of Said at least one Sensor into an acoustic Signal 
receivable out of the patient’s body, such that informa 
tion pertaining to Said at least one parameter of the 
physiological condition can be relayed outside the 
patient's body upon generation of an acoustic interro 
gation Signal. 

2. The biosensor System of claim 1, wherein Said at least 
one first acoustic activatable transducer includes: 

(i) a cell member having a cavity; 
(ii) a Substantially flexible piezoelectric layer attached to 

Said cell member, Said piezoelectric layer having an 
external Surface and an internal Surface, Said piezoelec 
tric layer featuring Such dimensions So as to enable 
fluctuations thereof at its resonance frequency upon 
impinging of Said acoustic interrogation signal; and 

(iii) a first electrode attached to said external Surface and 
a Second electrode attached to Said internal Surface. 

3. The biosensor System of claim 2, wherein Said piezo 
electric layer is of a material Selected from the group 
consisting of PVDF and piezoceramic. 
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